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Introduction
The A-site-ordered double perovskites with the general chemical formula AA ′ 3 B 4 O 12 (sometimes B site can accommodate two different elements) have received extensive attention both in theory and experiment owning to their special ordered structures and wide variety of intriguing physical properties [1] [2] [3] [4] [5] . For instance, colossal magnetoresistance under weak magnetic fields, giant dielectric constant over a wide temperature range, and high temperature ferromagnetic transitions were found in such perovskites. Furthermore, the double perovskite structures provide an excellent playground to delicately tune their physical properties by accommodating substitution atoms at many sites, A, A ′ , and B. These compounds crystallize with a Im3 cubic lattice in which the A-and A ′ -site cations are at the originally 12-fold-coordinated site in a simple ABO 3 12 . The basis for such a classification depends on the relative value of the on-site Coulomb repulsion (U) between the d electrons and the one-electron bandwidth (W ) 13 . In the limit of large U, a system is Mott-Hubbard insulator and the 3d orbit is single occupied sites. It can be described by the antiferromagntic Heisenberg spin model. On the other hand, in the opposite limit of large W , a system of uncorrelated half filled band becomes nonmagnetic metal. However, some perovskite transition-metal oxides have a strong hybridization between the metal 3d and O 2p orbits. Very recently, a site ordered double perovskite AMn 3 V 4 O 12 (A = Na, Ca, La) were synthesized using high pressure-high temperature method by Zhang et al. 16 It has been shown experimentally that such a system has an antiferromagnetic/spin glass metallic ground state accompanying with metallic behavior. In this study, we proposed that such a perovskite structured system with two positions can be played with in its structure, in contrast to simple perovskite, as a platform for rare antiferromagnetic metallic oxides, and studied their mechanism using first-principle density function theory (DFT).
Computational Details
In this work, the structure optimization was carried out in the Kohn-Sham framework using the Vienna ab initio simulation package (VASP) [17] [18] [19] [20] , based on the projector augmented-wave method 21, 22 . The exchange-correlation energy was treated in the local spin-density approximation (LSDA) 23 . The present calculations do not include spin-orbit corrections. The Na (2p 6 3s 1 ), Ca (2p 6 3s 2 ), La (5s 2 5p 6 5d 1 6s 2 ), Mn (3p 6 3d 5 4s 2 ), V (3p 6 3d 4 4s 1 ), and O (2s 2 2p 4 ) were treated as valence electrons. The plane wave cut-off energy was chosen to be 500 eV. The k-points of 7×7×7 were generated using the Monkhorst-Pack scheme 24 in the Brillouin zone. Brillion zone integrations were performed with a Gaussian broadening 25 of 0.2 eV during all relaxations. Structural optimizations with conjugate-gradient algorithm were continued until the Hellmann-Feynman forces on each ion to be less than 5 meV/Å. Experimentally established structural data 16 are used as input for the calculations.
In the LSDA+U framework 26, 27 , the strong Coulomb repulsion between localized d states is treated by adding a Hubbardlike term to the effective potential, leading to an improved description of correlation effects in transition-metal oxides. Since there is no unique way of including a Hubbard term within DFT framework, several different approaches exist, which all give similar results. To investigate the electron correlation effect on Mn and V 3d orbitals, we use the approach described by Dudarev et. al. 28 where only an effective Hubbard parameter U e f f = U − J enters the Hamiltonian, where U and J are the Coulomb and exchange parameters, respectively. We applied the U Mn =2, 4 eV and U V = 2 eV. With these values of Hubbard parameter, caculated magnetic moment agree with experimental data 16 .
Results and Discussion
The AMn 3 V 4 O 12 was a cubic A-site-ordered with a space group Im3 (No. 204) 16 , in which A, Mn, V, and O atoms were placed at the 2a (0, 0, 0), 6b (0, 1/2, 1/2), 8c (1/4, 1/4, 1/4), and 24g (x, y, 0) positions, respectively (shown as Figure 1 a) . Experimentally established structure data were used as input for the calculations. The optimized structural parameters and selected bond lengths and angles of AMVO are listed in Table 1 along with experimental results for comparison. Both the theory and experiment results show that the lattice parameter, the Mn-Mn distance, the Mn-O distance, and the V-O distance will increase when the A-site ions change from Na to Ca and then to La due to the increased atomic size. The optimized structural parameters are less than the experimental ones. The underestimation of structural parameters for LDA comes from the overbind effect 29 .
We calculated total energy with respect to the ground state magnetic configuration of AMn 3 V 4 O 12 using the LSDA method. To explore the structural phase stability of AMVO, we considered G-type antiferromagnetic (G-AFM), A-type antiferromagnetic (A-AFM), and ferromagnetic (FM) orderings. We found the G-AFM phase to be the ground state for NMVO. For NaMn 3 Considering the electron correlation in the 3d transitionmetal Mn and V ions, we calculated the electronic and magnetic properties of AMVO using the LSDA and LSDA+U method. The effective Hubbard parameter of Mn is 0 (LSDA), 2, and 4 eV and the ones of V is 0 (LSDA) and 2 eV. Figure 2 represents the total and site-decomposed density of states (DOS) in AFM configuration for AMVO. In agreement with the experimental results, it was found that the three compounds are metallic ev- idenced by large number of states around the Fermi surface. Therefore these compounds belong to a very rare class of materials, metallic antiferromagnetic perovskite oxides. Although the bands at Fermi surface are mainly composed of bands from V, a very small portion of contribution from O and Mn are also observed, which indicates a certain degree of orbit of hybridization among orbits of these ions. For NMVO, the bands (at about -2 eV), which are composed of Mn 3d and O 2p orbitals, suggest the Mn-O considerable covalent hybridization, which indicates a superexchange mechanism for the antifer- in such metallic systems 4 .
The LSDA+U results still keep their metallic character. The band gap between conductantion bands and valance bands enlarged due to orbital shifting towards higher energy with the increasing of U value. The band gap increases from 0.8 to 1.1 and then to 1.2 eV with U Mn increasing from 0 to 4 eV and U V increasing from 0 to 2 eV. Meanwhile, the calculated magnetic moment at the Mn-site changes from 3.70 to 4.14 µ B , from 3.75 to 4.21 µ B , and from 3.76 to 4.24 µ B with U Mn increasing from 0 to 4 eV for NMVO, CMVO, and LMVO, respectively. However, the calculated magnetic moment at the V-site changes from 0.01 to 0.99 µ B , from 0.35 to 1.20 µ B , and from 0.78 to 1.41 µ B with U V increasing from 0 to 2 eV for NMVO, CMVO, and LMVO, respectively. The qualitative change indicated that the electronic repulsion of V 3d electron is much correlated within AMVO.
The partial density of states (PDOS) of Mn1 in three compounds, NMVO, CMVO, and LMVO are shown in Figure 3 , respectively. The doped electrons of the A ′ -site Mn ions are mainly localized below the Fermi surface, in addition to a very small portion of electrons at the Fermi surface, which means that Mn ions are responsible for the magnetic moment in the compounds. While the electrons of B-site V ions are mainly located at the Femi surface, which means that they are delocalized and contribute to the conductivity. According to the PDOS, energy level diagrams of A ′ -site Mn 3d orbits in the three compounds are plotted, shown as Figure 1b . Mn 3d yz , 3d xz , 3d x 2 , 3d y 2 sub-orbits are occupied with electrons and located around 2 eV below the Fermi level, while 3d xy located at the Fermi surface with partial occupation of electrons. This indicates that Mn 3d xy electrons partially contribute to the conductivity of the compounds in addition to the contribution to the magnetic moment. It indicates that the Mn is at high spin states in all the three compounds. The calculated magnetic moment are smaller than the expected magnetic moment value of 5 µ B 33 . Due to the partially occupation of 3d xy orbit and the Mn-O considerable covalent hybridization, a small magnetic moment presents at the oxygen sites. These values are 0.04, 0.04, and 0.03 for NMVO, CMVO, and LMVO, respectively. This further proves that the Mn 3d, O 2p, V 3d O orbit hybridization is the key to the antiferromagnetic ordering in these compounds.
The V-O distances are 1.906, 1.908, 1.926Åfor NMVO, CMVO, and LMVO, respectively. These values are similar to the average values of V-O distance of metallic perovskitetype V oxides for SrVO 3 (1.921Å) 34 , MnVO 3 (1.938Å) 33 , and CaVO 3 (1.963Å) 35 and less than the average values of V-O distance of insulated perovskite-type V oxides for ScVO 3 (2.003Å) 36 , YVO 3 (2.007Å) 37 , and LaVO 3 (2.042Å) 37 . The short V-O distance means the strong hybridization of V 3d and O 2p orbitals, and it leads to a large one-electron bandwidth W . In the intermediate value of U/W , the materials are metal.
We also use Bader's "Atoms in molecules" theory 38, 39 to analyze the valence states of Mn and V ions. Our calculation found that the transfer of charge of Mn ions changed from 1.56 to 1.55 and 1.50, and ones of V ions changed from 2.01 to 1.95 and to 1.93 by changing the A-site ions from Na + to Ca 2+ and to La 3+ . These results are consistent with the observed results of the difference charge density, supporting the site-selective doing effect in these compounds.
Conclusions
In summary, based on the first-principle calculations, we have studied the structural, electronic, and magnetic properties of Asite-ordered perovskite-structure oxides with Mn and V at A and B sites, respectively. Total energy calculations reveal that the AFM phase has a lower energy than the FM phase. By changing the A-site ions from Na to Ca and from Ca to La, the transfer of charge of Mn ions changed from 1.56 to 1.55 and to 1.50, and ones of V ions changed from 2.01 to 1.95 and to 1.93. The hybridization of the A-site Mn 3d and O 2p orbital below Fermi surface dominates the magnetic moment. The values of V-O distances are similar to the average values of V-O distance of metallic perovskite-type V oxides. The short V-O distance means the large one-electron bandwidth W . When the radio U/W less than a critical value (U/W ) c , the materials are metallic. The mechanism for such unique metallic antiferromagnetic double perovskites oxide, Mn contribute magnetic moment while V contribute metallic, is different from the previous reported compound, like CaCrO 3 , where Cr contributes both magnetic moment and free electron at the Fermi level. This understanding opens a new route to rational design of antiferromagnetic metallic oxides which will have application in novel spintronics devices. In addition, the flexible structure with modifiable both A(A ′ ) and B site provides an excellent playground to play with by accommodating variable elements.
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